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Abstract-Non-homogeneous irradiation conditions due to environmental changes introduce multiple peaks in non-linear P-V characteristics. Hence, to operate PV at the global power point, numerous algorithms have been proposed in the literature. However, due to the insufficient exploitation of control variables, all the MPPT methods presented in literature fail to guarantee Global Maximum Power Point (GMPP) operation. In this paper, a new detection technology to identify global MPP zones using hybrid Enhanced Leader Particle Swarm Optimization (ELPSO) assisted by a conventional Perturb and Observe (P&O) algorithm is proposed. With inherent mutations, ELPSO applied to MPPT excels in exploring global regions at initial stages to determine the global best leader; whilst, P&O is reverted back soon after global solution space is detected. The transition from ELPSO to P&O is mathematically verified and allowed only when ELPSO finds the global optimal zone. Adapting this hybrid strategy, the proposed method has produced interesting results under partial shaded conditions. For further validation, the results of the proposed hybrid ELPSO-P&O are compared with conventional ELPSO and the hybrid PSO-P&O methods. Experimental results along with energy evaluations confirmed the superiority of the ELPSO-P&O method in obtaining the maximum available power under all shaded conditions.
Index Terms-Global Power, Enhanced Leader Particle Swarm Optimization (ELPSO), Perturb and Observe (P&O), Partial Shaded Conditions (PSC).

I. INTRODUCTION
OWER conversion from abundant solar energy is made simple with the advent of photovoltaic (PV) power conversion units [1, 2] . However, events such as PV module non-linearity, lower panel efficiency and notable power loss due to partial shading (PS) create hindrance in large solar power generation [3] [4] [5] . Here, PS denotes the occurrence of non-homogeneous irradiation falling over a PV array caused by bird droppings, tree shading and dust. Besides, it causes multiple power peaks in P-V characteristics and subsequent power loss. To minimize the adverse effects of PS, many MPPT methods have been devised and implemented previously to achieve better performance. Generally, MPPT methods can be classified into: (i) conventional methods and (ii) soft computing/GMPP techniques. Other than these methods, MPPT based on modified beta algorithm and thermograph techniques also exist in literature [6, 7] . However, usage of thermal cameras [7] and complex computations followed [6] remain as a prominent drawback of these methods. Conventional MPPT methods follow simple duty cycle perturbation to track the maximum power, but, their performance is always suboptimal when PV panels are partially shaded [8, 9] . Alternatively, soft computing methods offer excellent ability to solve non-linear problems and therefore deliver superior performance compared to conventional methods. Wide variety of soft computing techniques following different tracking strategies have been evolved so far [10] [11] [12] [13] [14] [15] . In addition, many hybrid methods fusing the properties of either two soft computing methods or combining conventional method with metaheuristic algorithm can also be seen [16, 17] . Hence, to recapitulate, variants of PSO and other hybrid MPPT methods are reviewed. Understanding PSO's potential, the authors in [5, 17 and 18] improved PSO performance by fusing it with the conventional P&O method. However, initialization constraints and high power oscillations limit the hybrid method performance during shaded conditions. Recently, a new Differential Evolution-PSO (DEPSO) method was tested for MPP tracking in [19] . Since, the adopted methodology switches between the DE and PSO method for odd and even iterations; the method show good balance between exploration and exploitation. However, this technique is highly complex and involves a large number of parameters. One of the major hindrances that exist with conventional PSO method is its velocity update; lofty velocities in particle update will guide the particles to search solutions at the boundaries; while, short velocities lead to slower convergence. Solving this issue, in [20] an adaptive velocity concept to track the MPP was followed. The approach was sensible enough to mitigate the drawback associated with conventional PSO but, Detection and identification of global maximum power point operation in solar PV applications using a hybrid ELPSO-P&O tracking technique J.Prasanth Ram, Dhanup.S.Pillai, Member IEEE, N.Rajasekar, Member, IEEE and Scott M. Strachan P the authors failed to establish the method's superiority on crucial shaded conditions. It is a well-known fact that PSO methods involve high oscillations in search of good solutions; to overcome this drawback as an alternative to PSO method i.e., Ant Colony Optimization (ACO) is introduced in [21] . During earlier stages of the search procedure say, for two iterations ACO method is used and later it is switched back to P&O method. However, this method still has high power oscillations when it encounters global regions during initial search. Also, the method remains unproven for complex shade conditions From the literature, it is understood that the methods that follow soft computing may encounter any one of the following issues: 1) deficient arbitrariness in control variables, 2) Increased power fluctuations before convergence, and 3) Large parameter tuning. Therefore, research on MPPT still strive for a new/alternative method that can circumvent the problems mentioned and attain global peak (GMPP) at any given partial shading condition. Indeed, it is judicial to improve the performance of the existing methods rather than proposing a new complex algorithm. Moreover, modifications to the established methods have the additional advantage of easy practical implementation in the existing system and do not require additional spending. Hence with this view point, in this work, an attempt is made to improve the performance of the existing PSO methods by introducing new mutation factors. Even though different combinations have been tried earlier in the literature; still there exists a room for considerable improvement when mutation enriched PSO method is combined with P&O method. The first method focuses on power oscillations reduction while the latter is used for exploitation. Therefore, the conventional PSO method performance is enhanced with additional four different mutations to locate the global peak and conventional P&O method is used to avoid needless search. Addition of mutation to existing PSO methods allows faster convergence to global locations within considerable time. Further, new mathematical formulations are made with ELPSO method such that the detection of global solution space is identified in first stage and only after validation, the P&O transition is anticipated in second stage. Since, switching between the methods is based on threshold voltage and current limits; performance improvement with proposed ELPSO-P&O method is anticipated to have a new benchmark in MPPT arena. In support of methods superiority, case study based on switching transients for different shading patterns are made. The remainder of the paper is organized as follows: Section 2 describes the modelling of solar PV and system architecture; Section 3 describes the implementation of ELPSO-P&O for MPPT. In Sections 4 hardware results are displayed. In section 5, the energy saving and income generation of ELPSO-P&O is validated with necessary theory and is compared with the conventional ELPSO and PSO methods. The final section presents the conclusions of the work.
II. PV SYSTEM DESCRIPTION
The output power restriction on a single PV panel necessitates series and parallel connection of multiple modules to form PV array. Usually, bypass diode (connected in parallel) and blocking diode (connected in series) are introduced to protect the array panels from hotspot and current reversal problems respectively [14, 21, 28] . But additional bypass diode introduces multiple power peaks in the P-V curve and significant power loss. To signify the importance of MPPT techniques, occurrence of multiple power peaks in P-V curve for two different PV configurations: 1) 3S-2P PV array configuration and; 2) 4S-2P PV array configuration is illustrated via I-V/P-V characteristics shown in Fig.1 and Fig.2 respectively. With four various shade patterns covering wide variety of local (LMPP) and global peaks (GMPP) is created to measure the success rate behind MPPT methods. It is noteworthy to mention that closer power peaks make identification of global peak quite challenging for any MPPT method. Therefore, the methods should posses the ability to discriminate global and local peak. Further hybridization avoid unwanted global search on temporary shading. The irradiation profile setting for the two different PV array configurations is explained further. For 3S-2P configuration, the PV array is given with two and three irradiation changes to create two and three power peaks in P-V curve. Similarly, for 4S-2P configuration, the P-V curve with four and three power peaks are exclusively created to test the veracity of the proposed MPPT technique. The detailed description in regard to shade profile and its corresponding power at local and global peaks are presented in Table I . 
III. ELPSO-P&O AND ITS IMPLEMENTATION TO MPPT
A. Enhanced Leader-Particle Swarm Optimization:
Enhanced Leader-PSO (ELPSO) method is an incorporation of realistic mutations on the conventional PSO method to create additional randomness in control variables. This new method was first proposed by Jordehi, A. Rezaee in [22] and then well exploited in recent years. Adoption of ELSPO method is well suited to the MPPT problem in the sense that the additional mutations not only create randomness to escape from local minima but also speeds up the convergence process. Both the above said properties are crucial for a bio inspired method when applied to MPPT applications. Benefited by the random initialization, an iterative strategy is followed to update the particle position in search space. Goodness of the particles is evaluated and the best particle (Pbest) with higher fitness is noted. Following the conventional PSO method, the velocity and positions of the control variable gets updated before mutation. This behaviour of the ELPSO and conventional PSO methods is quite similar. However, the unique benefit of ELPSO method is that it adopts different mutations such as Gaussian, Cauchy, reverse and simple mutations with respect to current global best positions. At the end of the mutation process, one iteration completes and a new leader i.e. the ‗best particle' emerges [15, 22] . Various mutations that help ELPSO to attain global locations are: 1) Gaussian Mutation updates the control variable based on Gaussian distribution. The mathematical representation for the Gaussian mutation is given as:
Where ‗h' is the standard deviation of particles in the iteration and ‗o' is mean of all the particles in the current iteration. It should be noted that the standard deviation and mean for each iteration step varies linearly with respect to the diversity in duty ratio. 2) Cauchy Mutation is similar to Gaussian mutation and we use a scaling parameter that decreases linearly with respect to iteration time. The current global best duty (P g ) will undergo Cauchy mutation are given by
Where ‗X max , X min ' is the maximum and minimum boundary limits corresponding to the duty cycle, ‗o' is mean of duty cycles (X 1 -X 5 ) in the current iteration, ‗s' is the scaling parameter that decreases linearly with respect to iteration time (t max ). The scaling parameter in Cauchy distribution is given as:
3) Reverse Mutation is the simplest mutation that follows a transverse search for the global optimal region. Reverse mutation helps to find global regions that are totally unexplored during initial iterations. Further, this mutation earns a special mention due to its ability to comprehensively avoid premature convergence.
The mathematical representation of Reverse mutation is given by:
4) Simple Mutation is based on the interaction between the scaling factor ‗F=1.25' and current global best 'P g '. The mathematical representation of Simple mutation is given by:
' are two random particles in the population corresponding to ‗j th ' iteration. Thus, an intense search process via mutation is clearly possible with ELPSO method. Moreover, it is noteworthy to mention that every mutation pushes the current global best particle to explore exclusively such that accurate global best regions are attained. Therefore, at the end of the mutation process, the ELPSO method not only avoids premature convergence that exists with conventional PSO but, more importantly, reduces the convergence time to a certain extent.
B. Necessity for hybridization:
From the discussions, it can be clearly understood that the mutations present in ELPSO improves the accessibility to reach global solution space during initial iterations itself. However, the additional time taken by the particles may delay its convergence. Therefore, to avoid needless search and enhance the tracking ability, P&O method is switched once the global optimal zone is identified using ELPSO method. Further, to validate the suitability of hybridization, the performance of ELPSO method along with PSO and P&O method are simulated for different shade cases on the PV array constructed in section 2. Simulations are performed in MATLAB 2014a platform on 4 GB RAM, Intel I7 processor. All the methods are coded in the same simulation platform following a sampling rate of 0.03 sec.
C. Parameter tuning and its influence in convergence:
One of the crucial and complex tasks in improving the search ability of any optimization technique is the identification of optimal control parameters. Further, the process complexity increases with increase in number of parameters to be tuned. Therefore, to ascertain performance of ELPSO, its parameters are tuned especially social and cognitive coefficients ‗ [23, 24] . With the above set values, convergence to MPP that corresponds to aforesaid cases are simulated and presented using 3D charts in Fig.3 . Further, considering sixty instances of duty cycles, ELPSO method's capability to reach GMPP is examined. In addition, the switching transients that correspond to all cases are also recorded and presented. From the characteristics, it is found that for the first case ‗W=0 to 0.3', the duty cycle is oscillating between the range 0.2 and 0.8 with no convergence attained. While, in the second case ‗W = 0.3 to 1', a perfect balance in exploration and exploitation is seen such that ELPSO method easily converges to GMPP with minimal oscillations. Further, it is important to note that power oscillations and switching transients are observed to be less for this particular case. However, for the last case ‗W=0.7 to 1', ELPSO method gets trapped to local MPP because of very high inertia weight. Thus, based on the analysis carried out, inertia weight ranges selected for the second case seems to be the most appropriate one for GMPP tracking. Therefore, for further experimentations, the optimal values of 'W max ' and 'W min ' are set to1 and 0.3 respectively. It is noteworthy to mention here, that inertia weight is updated based on the following equation.
Where, 't' is the current iteration number and ‗ max T 'is maximum iteration count.
(ii) Convergence characteristics and its influence due to the variation in constant ' are also analysed to investigate its influence on GMPP convergence. ), time taken to attain convergence is very high. Distinctively, by adopting third criterion of using a higher value for ‗ 2 C ' than ‗ 1 C ' (
), the convergence characteristics of ELPSO has been substantially improved; both in terms of convergence time and power value achieved. This is because, the higher value set for social constant ‗ 2 C ' capable for global exploration has empowered ELPSO method to locate the global zone within less number of iterations itself and subsequently, the local search component ‗ 1 C ' aided ELPSO to catch the GMPP accurately. In addition, for the third criterion, the switching transients are also observed to be very low compared to the initial results. Thus, for simulation and hardware experimentations, the optimal values of 
(iii) Convergence characteristics of P&O method and its influence to change in duty:
Extensive literature study states that P&O method is still one of the best suitable methods for MPPT under constant irradiation conditions. While, in most partial shade conditions, P&O method fails to locate the global maximum. However, it is important to note that, identification of duty cycles near to global power zone and initialization of P&O at such duty cycle points can guarantee GMPP operation with ease.In addition, to counteract steady oscillations of P&O, lesser step size in duty perturbations is an efficient and reliable solution [26, 27] . Therefore, it becomes crucial to identify the optimal step size required for duty cycle perturbations, such that, P&O operates with less/no oscillations around the MPP. To achieve this task, a PV array having six series connected PV modules are tested under uniform irradiation levels with 2%, 5% and 10% step sizes. The simulation results for all three cases are presented in Fig.5 . From Fig.5 , two important observations can be made (i) P&O has almost zero oscillations for smaller step size and vice versa (ii) Unlike soft computing methods, P&O has no initial switching transients while converging to MPP. The implications drawn from the above discussion convey that, initializing P&O near to the global power zone identified by ELPSO method with an optimal step size of 2% provides GMPP operation with minimal oscillations. To summarize, hybridizing the proposed ELPSO with conventional P&O method is an excellent choice for hybrid MPP tracking and could be a viable option to enhance the performance of realtime MPPT technologies. From the above discussion, the parameters used for PSO, ELPSO and P&O methods are evaluated and given in Table II.   TABLE II 
D. Simulation validation for ELPSO, PSO and P&O methods (i) Irradiation change from pattern 1 to pattern 2:
The irradiation profile of the 3S-2P PV array configuration, corresponding to pattern (1) & (2), is programmed as shown in Fig.1 . It is found that only one irradiation change is present in pattern (1), hence, two peaks in the P-V characteristics are found at 219.2 W and 178.7 W respectively. Similarly, two irradiation changes are seen with pattern (2); thereby, three power peaks emerge in which the global peak is found at 112.3 W, while the remaining local peak power are found at 93.29 W and 65.45 W respectively. The simulated power, voltage and current characteristics for ELPSO, PSO and P&O methods are shown in Fig.6 . It is seen that when pattern (2), introduced at time t=2sec without much oscillation, ELPSO method survived to global peak with almost zero oscillations. Though PSO method has identified GMPP, the switching loss and convergence are found high. Since both patterns have unique difference between their shade occurrences, the swarm optimized methods converge to global peak. Having initialized at 80% of the duty, the P&O method found global peak of 214.6 for pattern (1) since it is initialized nearer to global peak. But it failed to locate global power peak for pattern (2) . Some of key points to be noted here are (i) the ELPSO method converges very quickly with minium oscillations and (ii) the PSO method converges with higher power loss when compared to ELPSO. (iii) P&O method though has a drawback of getting trapped to local peak, on comparison; the power explored by P&O was high for pattern (1) .
(ii) Irradiation change from pattern 3 to pattern 4:
Here the shade patterns for pattern (3) and (4) are implemented over 4S-2P PV array. In pattern (3), three irradiation changes result at four power peaks as, 177.12 W being the global power and the remaining local power peaks can be found at 89.2W, 173.1W and 92.54W. While on the other hand, two irradiation changes in pattern (4) results in three peaks -248.21W being global and 207.1W, 92.36 W the local maximum. Before simulation, an important inference with pattern (3) is that the power difference between the global peak and one of the local peaks is negligible. However, the ELPSO method have identified global peaks easily and converged at minimal time as well. It is seen that, PSO struggles to find the global peak due to the absence of its exploitation ability. In fact, velocity updation behind PSO causes the algorithm to fluctuate around the global power point for both shade conditions. Nevertheless, the PSO method yet again demonstrated itself to be a viable tool to track global MPP under shaded conditions. Since the global peaks for both shade patterns are far away from 80% duty, P&O method got trapped to local maxima. Simulation results for the irradiation change from pattern (3) to pattern (4) for ELPSO, PSO and P&O methods are shown in Fig.7 . From the simulations performed with ELPSO, PSO and P&O methods, the following conclusions are arrived: 1. Mutations, the inherited property present in ELPSO allows the method to locate accurate global solutions space even when complex shade cases are used. However, the method requires additional time to converge towards final solutions. 2. P&O method completely rely on initialization of duty cycle to find global power peak under partial shaded conditions. 4. Further, if initialized properly, the method shows good competence even against PSO and ELPSO with faster convergence (pattern 1). The detailed discussions pertinent to P&O duty initialization and its corresponding power oscillations can be seen in [22] . Even though PSO method has the potential to reach global power peak, the power oscillations limit its ability to reach convergence in a shorter time period. Further, in literature, this method is not recommended for crucial shade conditions as well [6, 15] . Therefore, it is judicial to fuse ELPSO method with P&O technique rather than PSO for optimal performance; since, the criterion to switch to P&O is crucial and hence, before switching it is mandatory to identify the global solution zone. This criterion is found missing in all available literatures and the hybrid approaches like PSO-P&O and ACO-P&O has switched to P&O either randomly or in even/odd iterations without assuring that one of the particles in population has identified the global region. However, with the aforementioned advantages of ELPSO, a new switching criterion is developed and is explicitly explained in the following section. Therefore, ELPSO-P&O fusion is highly compatible and well justified for MPPT application. It is worth to mention that P&O is declared with 2% step size to avoid higher oscillations at MPP. The step size of P&O is arrived based on continuous experimentations.
(iv) Criterion to switch P&O:
As previously said, in literature, there is no definite procedure exist to switch between the methods in a hybrid MPPT technique. For instance, the authors in [21] randomly switched to P&O after two iterations; while in [17] , switching between methods is made at odd/even iterations. This random switching without any predefined criterion critically questions the method suitability for maximum power tracking applications especially at partial shading conditions. Hence, a framework is needed to perform transition between MPPT methods in any hybrid approach. Thus, a new strategy is overlaid in this work to carryout switching transition. In order to carry out the switching transition, the voltage and current readings are noted at two different valid instances i.e. at the beginning and at the end of mutation process. The key idea here is to diagnose the global optimized zone and is derived from the fact that, if the power obtained after the mutation process in the current iteration falls in line to previous iteration ‗G best ' i.e., before mutation, then the voltage and current difference falls in very narrow range. It is an indication that the duty cycle has reached global optimization zone and otherwise not. Since in ELPSO method, the global best value is updated at the end of every mutation, it is certain that the opportunity to diagnose the global optimized zone with negligible difference is maximal. The mathematical equations utilized to detect the closer power peak with 
Gaussian mutation
Cauchy mutation
Reverse mutation Scaling mutation ' is the current corresponding to the ‗G best ' before mutation. The above conditions just validates the voltage and current range; but to arrive at decision of transition, the change in voltage and current values should be within the thresholds to switch either P&O or to continue with ELSPO. Verification with threshold limit becomes necessary to switch. Further, the above verification strengthens the switching process and ensures accurate detection in global regions. The threshold limits followed to identify GMPP zones are:
' are the voltage and current corresponding to current ‗G best '. After numerous experiments, the threshold percentage for equation (7) and (8) were arrived. The detection rules to switch P&O are shown in Table. III.
(iii) ELPSO assisted P&O method for MPPT:
The implementation steps of ELPSO-P&O method is given below:
Step 1: Initialization of particles: The step initiates the location of particles, boundary limits, parameters for optimization, population size and maximum number of iterations such as Step 2: Fitness evaluation and PSO particle updation: The goodness of the solutions for the initialized particles is evaluated and their positions are updated using the conventional PSO method as shown in Fig.8(a) . From the initial evaluations, the particle ‗x 3 ' is found to have position nearer to global peak and the particle for next iterations are updated based on conventional PSO method.
Step 3: Application of mutation to (Gbest): Owing to the best value attained previously, various mutations explained in the previous section are applied to the (Gbest) to further explore the possible operating region. It is important to note that after every successful mutation, the DC-DC converter is activated to validate the fitness of generated duty. Further, if the power explored via the new control variable is higher, then the global best is replaced by the current mutated value.
These features in the ELPSO method enable the algorithm to accurately locate the duty cycle nearer to global optimal regions. Moreover, this methodology will be extremely adept to locate GMPP even with minimal power differences. With reference to current global best ‗x 3 ', the applied mutations with their position are explained in Fig.8(b) .
Step 4: Criterion to switch P&O: With the knowledge on 'G best ', the criterion for switching the P&O method is evaluated based on the threshold limits explained in previous section. If the criterion is satisfied, the algorithm switches to the P&O method, else continues with the conventional ELPSO method. Steps 2-4 are followed to track the MPP until the termination criterion is met. After identifying the global best particle, the switch of P&O is depicted in Fig.8(c) .
Step 5: Criterion for change in irradiation conditions: Under dynamic irradiation conditions, the operating point of PV will vary. Hence the algorithm is retriggered by following the voltage and current threshold shown in [16] .
E. Simulation validation for ELPSO-P&O method:
Simulation study with ELPSO-P&O hybrid method is also performed to ensure its superiority over conventional ELPSO and PSO methods. Similar shade pattern are followed for ELPSO is followed and the simulated waveforms for proposed hybrid fusion is shown in Fig.9.and Fig.10 . respectively. Simulated power values clearly indicate that for all the shade cases, ELPSO-P&O method converges well before 0.45 sec. Moreover, the method locates the global solution space in first iteration itself. Further, with reduced step size declaration P&O method, has resulted in exploration of high power capability compared to ELPSO and PSO methods. In addition, almost zero steady state oscillations are observed in all the cases. From the simulation studies performed so far, two crucial factors that influence the maximum power point detection are (i) Switching transients and (ii) absence of arbitrariness. These two parameters are discussed in detail for effective understanding of its significance. 
F. Simulation validation of ELPSO-P&O in comparison with ABC and Firefly method:
To emphasize the superiority of the proposed ELPSO-P&O method, the simulation results of ELPSO-P&O is compared with recently evolved soft computing techniques; Artificial Bee Colony (ABC) and firefly methods [24, 25] . Simulations are performed for pattern (1) and pattern (2) illustrated in Fig.  2 and the results are shown in Fig.11 . For simulation analysis, the parameters p N -number of particles and  -scaling factor for ABC,  -random movement factor and  -light intensity measurement for Firefly method are respectively tuned. From the attained results, it can be visualized that both the methods have higher oscillations in the beginning. On the other hand, ELPSO-P&O method swiftly converges to GMPP with very minimal oscillations. In addition, for pattern 1, ELPSO-P&O method acquired 217.8 W whereas, firefly and ABC methods has managed to attain 214.6W only. Note that the difference in power levels indicates the poor exploitation capability of both firefly and ABC methods. However, for pattern (2), only a negligible power difference is seen; where, ELPSO-P&O and ABC methods have produced 111.9W, while, firefly method converges to 110 W. Thus, it is evident that ELPSO-P&O method: 1) is not characterized by high initial oscillations and 2) guarantees GMPP convergence irrespective of shade severity. 
(i) Switching transients before convergence:
The oscillations before convergence characteristics have greater impact on the switching transients. Further, it is a measure of the thermal stresses occurred in power electronic switches. Therefore to quantify the amount of thermal stress that occur during transient period; number of switching transients that occur before convergence is noted and plotted in Fig.12 . Further the plot can be understood in the following way. The area covered by number of transients decides the amount of switching stress. Due to the absence of mutations in PSO, the number of switching is very high which further increases the switching area. However, the presence of mutation introduce additional transient once after it converges to global solutions. Moreover, mutations in ELPSO cause particles to explore the search space with further duty cycle perturbations before convergence. Therefore, large switching transients can be avoided when switching to P&O method once optimal zone is identified. Applying this principle, in ELPSO-P&O method, a transitory convergence occurs at 0.2 sec is attained with fewer oscillations is a noteworthy feature in new ELPSO-P&O hybrid method. This helps the proposed hybrid methodology to get rid of the higher switching steps in power convergence.
(ii) Absence of arbitrariness in control variable:
In most of MPPT methods like PSO, GA, ACO, Cuckoo search and firefly, the randomness in control variables is deficient because these methods stop the exploitation process after attaining convergence. Interestingly, the ELPSO method found in literature has mutation based evaluations that keeps alive search process even after its convergence is attained. But this results in further little oscillations if unattended. However, it ensures the accurate location of global regions. The conventional P&O method is best suited MPPT method to exploit high power when initialized properly. Hence utilizing ELPSO for initial stages of search and switching back to P&O after locating global region leads to a significantly improved system performance and helps to maintain its randomness for all situations. To further validate the performance of the ELPSO-P&O method experimentally, hardware testing is carried out for the same PV system configuration. The experimental hardware setup is shown in Fig.13 . Here, a programmable PV simulator of chroma manufacturer is utilized to emulate the PV characteristics. The proposed hardware architecture includes the PV emulator connected to a DC-DC boost converter with the applied MPPT control. It is important to note here that an IGBT switch of 600V and 20A ratings is preferred here for DC-DC boost converter and Arduino UNO microcontroller based on the ATmega328P family is used to generate the PWM signal for boost converter operation. With the algorithm programmed onto the microcontroller, the duty ratio for IGBT switch is generated to attain the GMPP. For experimentation, the proposed method is exclusively compared with the hybrid PSO-P&O and ELSPO methods available in literature. The sampling period followed for hardware implementation is 300ms. Instrumentation used to obtain measurements of voltage and current were LEM Hall Effect-based transducers (LA-55P and LV-25P). Also, a TLP-250 driver board is used to isolate the control signal. Similar to simulation studies, three algorithms are coded and verified experimentally. The design specification of the hardware architecture is given in Table IV . A. Hardware verification of pattern (1) and Pattern (2) :
In order to test the dynamic ability of the ELPSO-P&O method under shade conditions, the PV emulator is programmed in such a way that pattern (1) runs for 50 seconds and pattern (2) for 50 seconds. After engaging the PV emulator, the ELPSO-P&O algorithm initializes its particles randomly in the problem search space. Once the global best position is identified in the first iteration and authenticated in subsequent mutations, the immediate switching of P&O is made as shown in Fig.14(a) . From the figure, it is seen that the switching of P&O occurs at 10 th second and momentarily, the typical three point behaviour of P&O is produced. In both the pattens, ELPSO-P&O has achieved its convergence in minimal time and more importantly with negligible oscillations. More importantly, the mutations in ELPSO have helped the proposed method to detect the global zone quickly. It is also important here to mention that ELPSO in Fig.14(b) has also converged equally as fast as its hybrid version. However, power explored by LPSO in pattern (1) and pattern (2) is only 219W and 111W whereas, ELPSO-P&O manages to get 223W & 118 W respectively. This explains the strong exploitation ability within ELPSO-P&O method and validates its suitability for MPPT applications. On the other hand, hybrid PSO-P&O has also converged to global power but switching transients in pattern (2) are found really high (Fig.14(c) ). The figure represented in Fig.14(c) shows that after very long time the PSO-P&O method settles down to its global peak. Since, all the particle needs to converge for global zone, the triggering of P&O in the hybrid approach was delayed to greater extent. Unlike ELPSO, absence of mutations in PSO-P&O has made it to only attain 215 W for pattern (1) and 108W for pattern (2) .
B. Hardware verification of pattern (3) and Pattern (4):
Similar PV pattern settings made in section 2 are also made here for the 4S-2P configuration of pattern (3) and pattern (4) . The experimental result pertaining to ELPSO-P&O, ELPSO and PSO methods is shown in Fig.15 (a)-(c) .
Authenticating simulation results, the LPSO-P&O method has converged to global power for both patterns (3) and (4) and stands superior yet again. Interestingly, when positive slope irradiation changes corresponding to pattern (4) are triggered at 50 seconds, a wide search can be seen being performed by the ELPSO-P&O in initial oscillations. Power obtained using the hybrid LPSO corresponding to pattern (3) (189W), and pattern (4) (253W), once again proves its potential in exploitation. Early detection of global zones is found as one of the key reasons for ELPSO-P&O success. In case of ELPSO, the power attained is significantly lower and settles faster whereas the hybrid PSO struggles to reach the GMPP with its initial oscillations. Soon after all the particles reach closer to global duty cycle, the P&O is switched and finally the triple point behaviour at convergence is seen. In pattern (3), huge switching transients are seen with the hybrid method because PSO method has struggled to identify GMPP in all the iterative computation. 
V. CONCLUSION
A hybrid version of Enhanced Leader Particle Swarm Optimization assisted by the P&O method is proposed for detecting the operation of global maximum power point under shade occurrences. It is understood that after the application of mutation in the ELPSO method, switching of P&O is immediately made to operate the system at global MPP. This transition is found to be advantageous over existing MPPT methods in following ways: (i) Reduced complexity (ii) avoids higher initial power oscillations (iii) helps to achieve faster convergence and (iv) reduced thermal stress on switches. With the demonstrations of excellent trade-offs between exploration and exploitation, LPSO-P&O has been shown to be superior in locating global solutions. More importantly, the mutations in LPSO are effectively handled to identify global solutions where P&O, with lesser step size, is utilized to exploit more power at the GMPP. The case study performed with LPSO-P&O in terms of switching transients and thermal stress validated its success for MPPT implementation.
